Friedreich's ataxia is caused by large homozygous, intronic expansions of GAA repeats in the frataxin (FXN) gene, resulting in severe downregulation of its expression. Pathogenic repeats are located in intron one, hence patients express unaffected FXN protein, albeit in low quantities. Although FRDA symptoms typically afflict the nervous system, hypertrophic cardiomyopathy is the predominant cause of death. Our studies were conducted using cardiomyocytes differentiated from induced pluripotent stem cells derived from control individuals, FRDA patients, and isogenic cells corrected by zinc finger nucleases-mediated excision of pathogenic expanded GAA repeats. This correction of the FXN gene removed the primary trigger of the transcription defect, upregulated frataxin expression, reduced pathological lipid accumulation observed in patient cardiomyocytes, and reversed gene expression signatures of FRDA cardiomyocytes. Transcriptome analyses revealed hypertrophy-specific expression signatures unique to FRDA cardiomyocytes, and emphasized similarities between unaffected and ZFN-corrected FRDA cardiomyocytes. Thus, the iPSC-derived FRDA cardiomyocytes exhibit various molecular defects characteristic for cellular models of cardiomyopathy that can be corrected by genome editing of the expanded GAA repeats. These results underscore the utility of genome editing in generating isogenic cellular models of FRDA and the potential of this approach as a future therapy for this disease.
Introduction
Friedreich's ataxia (FRDA, FA, OMIM229300) is the most prevalent inherited ataxia in humans with a population frequency of 1-2:50,000 and carrier frequency of 1:60 to 1:120 (Campuzano et al., 1996) . FRDA is caused by hyperexpansion of the GAA repeats located in the first intron of the FXN gene (Pandolfo, 2006) . Unaffected-range alleles contain fewer than 30 triplets and disease-causing expanded alleles can harbor up to 2000 GAA repeats (Campuzano et al., 1996; Montermini et al., 1997) . Long GAA tracts inhibit expression of the FXN gene, thus patients homozygous for the GAA expansion have very low frataxin mRNA and protein levels when compared with heterozygous carriers and healthy controls (Campuzano et al., 1996) . It has been demonstrated in multiple systems that expanded GAAs induce epigenetic silencing of the FXN gene (Herman et al., 2006; Ku et al., 2010) . Frataxin is a small, highly conserved protein expressed in most eukaryotic organisms. Although nuclear-encoded, it functions in mitochondria regulating iron homeostasis primarily as a co-factor in biosynthesis of iron-sulfur clusters (Pastore and Puccio, 2013) . Frataxin deficiency results in decreased activity of aconitase and other iron-sulfur-containing proteins as well as an overall deficit in cellular energy production and other metabolic processes relying of iron-sulfur clusters, including DNA synthesis and repair (Bulteau et al., 2004; Martelli et al., 2007) .
FRDA is a mitochondrial disorder that affects multiple organ systems. Primary neurodegeneration of the dorsal root ganglia leads to the hallmark clinical findings of progressive ataxia and debilitating scoliosis (Pandolfo, 2009) . Other characteristic symptoms of FRDA include discoordination, slurred speech, muscle weakness, and peripheral neuropathy. In addition, optic atrophy, and auditory defects, glucose intolerance and diabetes are observed in some patients (Marmolino, 2011; Parkinson et al., 2013) .
Although progressive ataxia is the most prominent clinical symptom of FRDA, hypertrophic cardiomyopathy is the primary cause of death in more than half of patients with Friedreich's ataxia (Payne and Wagner, 2012) . Many other structural heart abnormalities in FRDA cardiomyopathy have been described including fibrosis, accumulation of iron, myocarditis and necrosis of heart fibers (Koeppen et al., 2015) . Thus far, modeling cardiac dysfunction in FRDA has been a challenging task. A conditional cardiac knockout of the Fxn gene in mice (MCK Fxn model) demonstrates an overt heart phenotype with an early onset and rapid progression that can be rescued by frataxin overexpression (Perdomini et al., 2014) . However, it should be pointed out that the serious cardiac dysfunction in MCK Fxn mice results from a complete lack of Fxn expression and not downregulation of expression as in FRDA. Similarly, inducible, shRNA-mediated knockdown of mouse frataxin resulted in cardiac pathology (Chandran et al., 2017) . Other FRDA animal models, including transgenic and knock-in mice, do not exhibit an overt cardiac phenotype. Therefore the ability to differentiate human induced pluripotent stem cells (iPSCs) into cardiomyocytes (Cms) and to generate new model systems directly derived from human cells that closely mimic disease conditions is of critical importance for FRDA.
In this work we demonstrated that Cms differentiated from FRDA iPSCs exhibit a lipid metabolism defect as well as transcriptome changes characteristic for cellular models of hypertrophic cardiomyopathy. We also, for the first time, report significant expression changes in non-coding RNAs of patient-derived Cms. Importantly, both lipid accumulation and the FRDA-specific gene expression signatures can be corrected by ZFN-mediated excision of the expanded GAAs. Correction of a single expanded allele resulted in significant upregulation of FXN mRNA expression and frataxin levels. Current therapeutic approaches are largely based on the reactivation of FXN expression, supplementation of frataxin with gene, protein, or RNA therapy, or amelioration of metabolic impairment and cellular toxicity phenotypes. However, in the later stages of the disease, after cell death becomes apparent and damage irreversible, cell replacement therapy may represent a stronger avenue for treatment. Therefore, results of these studies serve as a proof-of-concept for potential regenerative medicine approaches to treat the cardiac defect in FRDA. The system presented herein may also be an excellent platform to evaluate the therapeutic potential of novel drug candidates targeting cardiomyopathy in FRDA.
Methods

iPS cell culture and cardiac differentiation
The iPS cell lines were derived from fibroblasts obtained from healthy individuals and an FRDA patient with confirmed pathological expansion of GAA triplets. All experiments with human cells were approved by the UAB Institutional Review Board for Human Use (IRB). The FRDA line was obtained from a patient with diagnosed cardiomyopathy. A detailed method of ZFN-based editing of FRDA patient fibroblasts was described previously (Li et al., 2015) . Analyses of karyotype, pluripotency and differentiation potential of these cells was described in (Li et al., 2015) . Undifferentiated iPSCs were cultured in mTeSR1 medium (STEMCELL Technologies, Vancouver, BC, Canada). Medium was changed daily and cells were passaged every 4-5 days with dispase (STEMCELL Technologies, Vancouver, BC, Canada) as described in . Cardiac differentiation was performed using a previously published small-molecule protocol based on initial inhibition of GSK3 signaling followed by WNT signaling inhibition (Lian et al., 2012 (Lian et al., , 2013 . Accutase (STEMCELL Technologies, Vancouver, BC, Canada) was used to obtain single iPS cell suspensions. Cells were plated on Geltrex (Life Technologies, Carlsbad, CA) coated wells of 12-well plates (0.4-0.8 × 10 6 cells/well) and cultured in standard conditions (mTeSR1, STEMCELL Technologies, Vancouver, BC, Canada) for four days (d-4 -d0) . Subsequently, at d0, media was changed to RPMI/B27 without insulin (Life Technologies, Carlsbad, CA) supplemented with 12 μM CHIR99021 (Axon Medchem, Reston, VA) followed by addition (on d3) of the WNT inhibitor IWP2 at a final concentration of 5 μM (Tocris, Minneapolis, MN). Cells were maintained in the RPMI/B27 media starting from d7, with the medium changed every three days. The first spontaneously beating cells typically appeared on d8 or d9. Beating rate (BPM) was measured on d14-d17. Beating areas were identified and marked on the plates. Measurements were conducted by a blinded researcher within the first 5 min after plate removal from the incubator. More than 50 beating areas were analyzed for PCm and CCm cells from several independent differentiation experiments.
Immunostaining and flow cytometry and cell area measurements
Cardiac markers were evaluated by immunostaining and the efficiency of cardiac differentiation was assessed by flow cytometry. For immunostaining, differentiated cardiomyocytes were treated with TrypLE (Life Technologies, Carlsbad, CA) and seeded on Geltrex-coated coverslips. After 48 h, cells were fixed with 4% paraformaldehyde (PFA, 15 min at 4°C), washed in PBS, and blocked for 1 h in blocking solution (5% goat/donkey serum, 0.5% TritonX-100 in PBS). Primary antibodies to detect cardiac markers (ACTC1 Novus Biologicals, Centennial, CO, EP184E, 1:200; TNNT2 and NKX2.5 Life Technologies, Carlsbad, CA, Human Cardiomyocyte Immunocytochemistry Kit A25973) were diluted in blocking solution and incubated with fixed cells at 4°C overnight. Diluted (1:200) secondary antibody conjugated with Alexa Fluor 555 or Alexa Fluor 488 were added after PBS washing and incubated for 1 h at room temperature (RT). Cells were counterstained with DAPI and imaged on a Zeiss inverted microscope. The TNNT2 and ACTC1 antibodies were also used (at 1:25 dilution) to determine efficiency of cardiac differentiation by flow cytometry. For Cm area analyses, cells were plated on chamber slides and imaged after 48 h. Images were processed by ImageJ as described in (Ronaldson-Bouchard et al., 2018) . A total of 60 cells per group derived from two independent differentiation experiments were analyzed by a blinded investigator.
RNA isolation, qRT-PCR and RNAseq analyses
All RNA samples were isolated using a RNeasy Mini Kit (Qiagen, Germantown, MD) followed by treatment with TurboDNase (ThermoFisher Scientific, Grand Island, NY) according to the manufacturer's recommendations. Quantitative RT-PCR was performed as described Polak et al., 2016) . RNAseq data analyses, library details and QC are described in Supplemental methods and Supplemental Table 1 .
Western blot
Western blot analyses of frataxin expression were conducted as described earlier Polak et al., 2016) . A detailed protocol is provided in Supplemental methods.
Lipid droplets evaluation
For cytological analysis of lipid droplets in cardiomyocytes, Oil Red O staining was performed. Cells were fixed with 4% PFA (4°C, 15 min) and washed with PBS. Subsequently, cells were rinsed in 60% isopropanol and stained with 0.3% Oil Red O solution for 15 min. A hematoxylin solution was used to stain nuclei. Also, to quantify lipid droplets, PFA-fixed cardiomyocytes in suspension were stained for 15 min at RT with BODIPY 493/503 (1 μg/ml, Life Technologies, Carlsbad, CA) and analyzed using a LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA).
Amplification of the GAA repeat region and mtDNA copy number assay
To determine the number of GAA repeats in FRDA and ZFN-corrected cells, genomic DNA was extracted using a GenElute™ Mammalian Genomic DNA Miniprep Kit (MilliporeSigma, St. Louis, MO). PCR analyses were carried out exactly as described in (Li et al., 2015 . Amplification products were resolved on 1% agarose gels. For mtDNA quantitation, genomic DNA was isolated as above. A qPCR quantitation of mtDNA copy number was performed using primers specific to mtDNA sequence or genomic DNA . Abundance of mtDNA relative to genomic DNA was calculated using the 2 -ΔΔCT method .
Electron microscopy sample preparation and imaging
EM images were collected on a FEI Tecnai T12 120 kV transmission electron microscope (FEI, Hillsboro, OR) . Sample preparation is described in Supplemental methods.
Statistical analyses
Statistical analyses were conducted using GraphPad Prism 6 software. Statistical significance was determined by two-tailed Student's ttest, and p < 0.05 was considered significant.
Results
Excision of expanded GAA repeats increases FXN expression in FRDA cardiomyocytes
Cardiac pathology is a leading cause of death in FRDA. To determine molecular changes in human cardiac cells caused by frataxin deficiency and reveal molecular and cellular pathways affected in cardiac cells derived from FRDA patients, we differentiated FRDA patient iPSCs along with control iPSCs (derived from unaffected individuals), to beating cardiomyocytes (Cms). Additionally, FRDA iPSCs that underwent zinc finger (ZFN)-mediated editing, which removed the pathogenic expanded repeat tract from a single FXN allele (Li et al., 2015) , were differentiated into Cms. We have previously demonstrated that this heterozygous excision of the expanded GAAs from FRDA cells resulted in an increase of FXN expression, aconitase activity and ATP in both iPSCs and iPSC-derived neurons (Li et al., 2015) . Thus, the analyses in this study compared features of iPSC-derived Cms from two individual healthy controls (CCms), two Cm lines generated from independent clones of a patient iPSC line (PCms) and two Cm lines differentiated from independent clones of ZFN-edited FRDA iPSCs (ECms). Cardiac differentiation was performed using a previously published protocol based on initial inhibition of GSK3 signaling using CHIR99021 followed by inhibition of WNT signaling with IWP2 ( Fig. 1A ) (Lian et al., 2012 (Lian et al., , 2013 . The first beating areas were typically observed at day 8 and synchronously beating cardiomyocytes covered the entire surface of the well by day 12 of differentiation. We did not observe any gross differences in cardiac differentiation potential between FRDA, control, and ZFN-corrected iPSCs. Immunofluorescence analyses of ACTC1 (Actin, Alpha, Cardiac Muscle 1), TNNT2 (Troponin T2, Cardiac Type) and NKX2.5 (NK2 Homeobox 5) levels revealed robust expression of these cardiac markers in all iPSC-differentiated Cms (Fig. 1B-D) . Each individual Cm differentiation experiment resulted in a minimum of 80% of cells expressing high levels of TNNT2 and ACTC. Electron microscopy images of Cms at day 15 revealed characteristic features of contractile cells, including appearance of myofilaments with Z-band structures or desmosomes typical for immature Cms (Fig. 1E ).
As the cardiac component of Friedreich's ataxia manifests predominantly as hypertrophic cardiomyopathy, we analyzed several cellular and molecular phenotypes previously described in stem cell-derived cardiac hypertrophy models (Cohn et al., 2019; Ovchinnikova et al., 2018) . No significant differences in the pattern or intensity of Factin expression was observed between CCm and PCm cells, nor for cardiomyocyte cell area or beating frequency (Supplemental Fig. 1A-C ). We did not detect differences in oxygen consumption rate (OCR) and total ATP content between PCm and CCm cells, however, quantitative analysis of mitochondrial DNA content revealed a trend towards increased mtDNA copy number in PCms compared to CCm cells (Supplemental Fig. 2A-C) .
Next, to determine whether differentiation of the iPSCs into Cms affected GAA repeat tract length and frataxin levels, we verified the number of GAAs and FXN expression in Cm cells. Heterozygous excision of one expanded GAA tract using ZFNs resulted in shortening of FXN intron one by~1.2 kbp of the repeat flanking sequences in addition to the entire expanded GAA repeat region ( Fig. 2A, Supplemental Fig. 3 ). Amplification of the repeat region in PCm cells showed the presence of only expanded alleles. Substantial heterogeneity of the expanded GAA tract can be noticed as the appearance of multiple PCR bands. This is caused by somatic instability of the expanded GAA repeats occurring during iPSC propagation and/or Cm differentiation (Ku et al., 2010; Polak et al., 2016) . Similar somatic instability has been observed in patient tissues (Long et al., 2017) . Multiple bands resulting from somatic instability of the GAA tract are detected in ECm cells (containing a single expanded GAA tract), however, a faster migrating product (0.2 kbp) corresponding to the edited allele, which lacks GAA repeats and~1.2 kbp of the flanking sequences, is also readily amplified ( Fig. 2B ). Control CCm cells contained only alleles with short GAA tracts ( Fig. 2B) .
Repeat expansion is associated with a significant (~90%) decrease of frataxin levels in PCms when compared to the CCm cells, while correction of a single GAA tract increased FXN levels~3-fold in ECm cells relative to their isogenic counterparts (PCm cells) ( Fig. 2C, D) . Thus, partial restoration of FXN expression in ZFN-edited Cms is comparable to the correction detected in parental ZFN-edited iPSCs (Li et al., 2015) .
Transcriptome profiling reveals a cardiac-specific gene expression pattern in iPSC-differentiated cardiomyocytes
Correction of the expanded GAA tract in FRDA cells presents a unique opportunity to create an isogenic system (e.g. FRDA PCms and carrier equivalent ECms derived from the same patient) that can be used to directly compare patient and control disease-relevant human cells without introducing inter-individual variability. We conducted transcriptome analyses of CCm, PCm, and ECm cells in order to establish an expression signature of FRDA Cms, and to identify pathways associated with the downregulation of FXN expression. To maximize uniformity between samples subjected to RNA sequencing (RNAseq), the purity and homogeneity of all batches of differentiated Cms were determined by flow cytometry using TNNT2 and ACTC1 as markers. Only samples containing ≥95% cells positive for both cardiac markers were used in transcriptome sequencing analyses. Poly(A)-enriched mRNA samples were sequenced on an Illumina platform and obtained reads were aligned to the human genome, followed by differential expression analyses using DESeq2 (Materials and Methods and Supplemental Table 1 ). RNAseq samples obtained from two undifferentiated iPSC lines were included in initial analyses as controls for differentiation. Principle component analyses (PCA) of the transcriptomes obtained from all eight samples demonstrated clear separation of iPSC and cardiac samples (Fig. 3A) . Significantly, the group of Cm samples was divided into two subpopulations with transcriptomes of PCms separated clearly from the clustered CCms and ECms (Fig. 3A ). This indicates that FRDA-associated transcriptome changes are the main variance factor, especially considering the fact that PCms and ECms are isogenic lines derived from the same FRDA individual.
To determine whether the Cm cells differentiated from iPSCs lost their pluripotency and acquired a cardiac-specific expression signature, we evaluated the transcription profiles of all six Cm lines and two undifferentiated iPSC lines against an established 89-gene embryonic stem cell signature (Gene Set M4282; Fig. 3B and Supplemental Table 2 Table 2 and Supplemental Fig. 4B ). For both sets, distinct patterns of gene expression were detected for iPSC and Cm cells. Downregulated expression of key pluripotency factors (e.g. OCT4, NANOG, LIN28) was confirmed while cardiac-specific transcripts (e.g. MYH6/7, NPPA) were highly enriched in all Cm cell lines. Lastly, to validate prior qRT-PCR and western blot analyses, we used RNAseq data to determine the level of FXN mRNA in CCm, PCm and ECm cells. As expected, a normalized RNAseq signal detected in CCms was~3-fold greater than for PCms ( Fig. 3D, E) . Furthermore, excision of a single GAA tract in the ECm cells increased FXN mRNA expression~2-fold when compared to isogenic PCm cells.
ZFN-mediated excision of the expanded GAA tract corrects the transcription profile of PCms
An unbiased PCA separated the Cm cells into two groups: PCms expressing a low level of frataxin or healthy and ZFN-corrected cells (CCms and ECms; Fig. 3A ). To test if the ZFN-mediated correction of FRDA cells resulted in changes of the PCm transcriptome, we compared differentially expressed genes between PCm and CCm cells as well as PCm and ECm cells (Fig. 4A ). Using DESeq2, > 3000 differentially expressed genes were identified between each of these groups (3092 genes for CCm vs. PCm, 3208 genes for PCm vs. ECm; p < 0.01; Supplemental Table 3 ). More than 55% (1764) of the differentially expressed transcripts were common for both compared groups. The transcription profile of ECm cells was similar to CCm cells and strikingly different from their parental, unedited PCm cells (Fig. 4B ). Out of 1764 differentially expressed genes common for the CCm vs. PCm and PCm vs. ECm groups, 1737 (98.5%) were expressed in ECms at levels similar to CCm cells, indicating rescued expression following GAA excision. Expression of only 27 transcripts was changed in the ECm cells in the opposite direction of the CCm cells ( Supplemental Fig. 5 ). In summary, editing of the expanded GAA tract from a single allele was sufficient to correct a significant fraction of transcriptome changes characteristic for FRDA iPSC-derived Cms.
Friedreich's ataxia cardiomyopathy is hypertrophic, thus we sought to compare FRDA-specific cardiomyocyte transcriptome changes to other established stem cell-derived hypertrophy models (Cohn et al., 2019; Ovchinnikova et al., 2018) . To determine global gene expression changes characteristic for FRDA PCm cells, we compared genes downregulated and upregulated in these cells with CCms as annotated by the PANTHER Pathways platform in the Enrichr suite ( Fig. 4C ; Supplemental Table 4 ). Analyses revealed that PCm downregulated genes were enriched in such pathways as: cadherin signaling, DNA replication, de novo pyrimidine synthesis and glycolysis. Upregulated genes were enriched in PDGF signaling, p53 pathway, integrin and EGF receptor signaling (Fig. 4C ). Further, we compared the PCm transcriptome with transcription profiles of two previously reported stem cell-derived Cm models of hypertrophy created by either a mutation in a sarcomere gene (MYBPC3; myosin binding protein C, cardiac; (Cohn et al., 2019) ) or by mechanical stretching (Supplemental Fig. 6 and Supplemental Table 4 ; (Ovchinnikova et al., 2018) ). Analyses of all three datasets identified a signature of 120 genes commonly downregulated in FRDA PCm cells and in the two independent hypertrophy models as compared to CCms (Supplemental Fig. 7 and Supplemental  Table 4 ). Interestingly, KEGG pathway analysis of this signature demonstrated changes in the p53 signaling pathway, DNA replication, homologous recombination and Fanconi anemia (Supplemental Fig. 7) . Recent studies point towards the importance of p53 and proteins involved in DNA metabolism for the development of cardiac hypertrophy (Das et al., 2010; Nakada et al., 2019) .
In addition to changes in expression of protein coding genes, a large fraction of long non-coding RNAs (lncRNAs) was differentially expressed between PCm, CCm and ECm cells. LncRNAs are an abundant class of transcripts associated with different physiological and pathological processes (Batista and Chang, 2013) . Numerous recent studies indicate the importance of these RNAs in cardiac system development and diseases, including cardiomyopathy and hypertrophy (Han et al., 2014; Hobuss et al., 2019) . Overall, > 12,000 non-coding RNAs were identified in our RNAseq datasets, of which 205 were differentially expressed between CCms vs. PCms as well as PCms vs. ECms Supplemental Table 5 and Supplemental Fig. 8 ). Similar to the coding transcriptome, excision of the expanded GAAs corrected a significant fraction of aberrantly expressed non-coding RNAs (Fig. 5A ). In addition, several lncRNAs known to be involved in heart development and cardiovascular diseases were differentially expressed between CCms and PCm cells (Fig. 5B) . The lncRNA gene MIR22HG was highly upregulated in PCms compared to CCms (5-fold; p < 0.00001) and its expression was reduced to control levels in ECms. This lncRNA, reported to be upregulated in myocardial infarction (MI) models, is a host gen e for MicroRNA 22 (MIR22)one of the most important small RNAs regulating hypertrophic response, sarcomere reorganization, and metabolic changes during cardiac remodeling (Huang and Wang, 2014) .
Lipid droplet accumulation in FRDA cardiomyocytes
Morphology and immunohistochemistry analyses did not reveal any gross differences between FRDA and control Cms (Fig. 1, Supplemental  Figs. 1 and 2) , however, examination of EM images suggested an increase in the amount of vacuoles/lipid droplet structures in PCm compared to CCm cells. Considering prior studies on lipid metabolism in FRDA (reviewed in (Tamarit et al., 2016) ), we conducted lipid accumulation analyses in PCm, CCm and ECm cells. Results of Oil Red O staining experiments demonstrated an accumulation of lipid droplets (LDs) in frataxin-deficient PCms relative to CCm cells (Fig. 6A ). Genetic correction of the expanded GAA repeats decreased the quantity of LDs as revealed by both Oil Red O staining and quantitative flow cytometry analyses of cardiomyocytes stained with a lipophilic dye (BODIPY; Fig. 6A, B) .
To further investigate molecular mechanisms of lipid accumulation in PCm cells, we analyzed changes in the transcriptomes of PCms and isogenic ECm cells. We extracted 498 transcripts of lipid metabolism genes ( Supplemental Table 2 ) from the entire list of~27,000 transcripts identified in our RNAseq analyses. Analyses demonstrated that a large proportion of genes important for lipid metabolism (109 out of 498) was differentially expressed between PCms and ECm cells (Fig. 6C ). Consistent with previous mouse studies (Marmolino et al., 2010) , lower expression of PPARGC1A (Peroxisome Proliferator-Activated Receptor Gamma, Coactivator 1 Alpha) was detected in PCms. The PGC1 alpha protein is a transcriptional coactivator of several genes involved in energy metabolism including PPARG (Peroxisome Proliferator-Activated Receptor Gamma) and PPARD (Peroxisome Proliferator-Activated Receptor Delta) (Liang and Ward, 2006) . Importantly, expression of PPARGC1A as well as PPARG and PPARD was increased upon editing of the expanded GAAs (Fig. 6D ). In the context of LD accumulation observed in PCm cells, we detected increased expression of the PLIN5 (Perilipin 5) gene, which encodes a protein essential for maintaining the balance between lipid storage and utilization in heart cells (Kimmel and Sztalryd, 2014) . PLIN5 was significantly upregulated in PCms consistent with the greater quantity of LDs detected in PCms. Again, excision of the GAAs corrected expression of this gene in ECms to levels observed in CCm cells (Fig. 6D) .
Cardiac hypertrophy signature of PCms can be corrected
Cardiomyocytes and cardiac organoids differentiated from iPSCs currently represent some of the most suitable model systems to investigate molecular mechanisms of cardiac pathologies in a human cellular context. As the majority of FRDA patients develop progressive hypertrophic cardiomyopathy during the course of their disease, we sought to determine whether expression of hypertrophy-related genes is affected by ZFN-mediated correction of the mutant FXN gene. Recently, Carlson et al. established a hypertrophy signature in immature Cms differentiated from iPSCs that includes 12 differentially expressed genes (nine upregulated and three downregulated) (Carlson et al., 2013) .
Analysis of this hypertrophy expression signature in PCm, CCm and ECm cells (Fig. 7A ) revealed that eight out of nine genes highly expressed in the published iPSC-derived Cm hypertrophy model (ACTA1, NPPA, NPPB, MYH7, DUSP4, TAGLN, CREB5 and ACTN1) were also upregulated in PCm cells compared to CCms. Moreover, two out of three genes downregulated in this hypertrophy model (FBXO32 and PDCD4) were also expressed at lower levels in PCm cells. Expression levels of only two genes (ACTC1 and TRIM63) were unchanged irrespective of FRDA status. More importantly, expression of six out of 12 hypertrophy signature genes was corrected (p < 0.05) in ECm cells (downregulated: ACTA1, NPPA, MYH7, DUSP4 and upregulated: FBXO32, PDCD4). In the case of NPPB and TAGLN, trends towards correction were detected but did not reach statistical significance (Fig. 7A) . These results demonstrate that PCm cells exhibit a molecular signature of hypertrophy that can be alleviated by excision of a single expanded GAA tract.
Transcriptome analyses of the Cms also indicated differences in expression of two genes encoding major cardiac proteins: MYH6 and MYH7 (Myosin Heavy Chain 6 and 7) between PCms, ECms and CCms. Supplemental Table 3 ). (C) PANTHER pathways analysis of genes downregulated and upregulated in PCm versus CCm cells (p < 0.05).
J. Li, et al. Stem Cell Research 40 (2019) Data from human hearts as well as from iPSC-derived genetic models of hypertrophic cardiomyopathy demonstrated an increased MYH7:MYH6 expression ratio in disease tissues or model cells (Mosqueira et al., 2018) . RNAseq data from PCms, CCms and ECms are in agreement with published studies (Fig. 7B) , indicating that the higher MYH7/MYH6 ratio in PCm cells may represent an in vitro biomarker suitable for testing therapeutic approaches in FRDA iPSC-derived cardiomyocytes.
Discussion
Although~95% of Friedreich's ataxia cases are caused by the same type of mutation, presentation of the disease varies significantly between patients (Marmolino, 2011; Pandolfo, 2009) . Differences in age of onset, rate of disease progression as well as penetrance of various symptoms can be only in part attributed to the size of GAA expansions. Clinically, it is difficult to predict the exact course of the disease, moreover, the variability amongst FRDA patients makes this disorder challenging to recapitulate using biological systems because variable presentation is passed onto cellular/animal models.
Genome editing to remove the GAA expansion allows for creation of isogenic or near isogenic pairs of patient and corrected cell lines, and minimizes the influence of individual variability. Access to isogenic models is especially important because experiments on large cohorts of samples is not always feasible, yet studying small groups of samples can lead to inconclusive or false positive/negative findings. What is the best method of creating isogenic cell line models to represent FRDA? Pseudo-isogenic lines generated by si/shRNA knockdown of FXN in control cells or overexpression of frataxin in FRDA cells have been used for the past two decades to study disease mechanisms and test novel therapeutic approaches (Chandran et al., 2017; Lu and Cortopassi, 2007; Palomo et al., 2011; Vannocci et al., 2018) . FXN knockdown involves activation of several silencing pathways in order to reduce FXN mRNA levels. On the other hand, ectopic overexpression of frataxin in FRDA cells may increase frataxin beyond physiological levels, leading to potential toxicity and affecting cellular proteostasis (Nabhan et al., 2015; Vannocci et al., 2018) . Thus, permanent correction of the mutation by excision of the expanded GAAs (Li et al., 2015) or replacement of long repeats with a shorter tract (Lai et al., 2019) preserves the endogenous locus, promoter and gene copy number, assuring both physiological levels of FXN expression and its appropriate spatial and temporal control.
We previously demonstrated that excision of the GAA repeats and flanking regions bordered by the ZFN-cleavage sites does not affect frataxin expression in control K562 cells (both homozygous and heterozygous excision) and increases expression of FXN in FRDA cells (Li et al., 2015) . This data proved that sequences flanking the expanded GAAs are unlikely to be critical regulators of FXN expression. Moreover, the significantly higher levels of FXN mRNA and protein expression in edited cells were maintained following differentiation of the edited iPSCs to neuronal cells and, in this work into cardiomyocytes, indicating that commitment to the specific lineages did not influence frataxin expression.
Although a large fraction of genes differentially expressed between PCm and CCm cells (p < 0.01) was corrected by editing of the GAAs, a portion of the transcriptome was not affected by increased FXN expression. This may indicate that regulation of these genes is independent of FXN levels, or could be attributed to the small number of cell lines analyzed, whereby increasing the number of FRDA and edited cell lines analyzed would reduce such background effects (noise). More importantly, correction of a single allele restores FXN expression to the levels of asymptomatic FRDA carriers but not to the levels found in unaffected individuals lacking expanded GAAs on both FXN alleles. Although carriers are asymptomatic, significant expression differences between lymphocyte samples obtained from carriers, unaffected individuals, and FRDA patients have been detected (Coppola et al., 2011) . Finally, cells from FRDA patients are functioning under conditions of low frataxin levels starting from the zygote. It is highly likely that many adaptive changes, for example in the epigenome, occur to establish a new intracellular homeostasis under conditions of a reduced frataxin supply. These compensatory changes, especially if imprinted in chromatin, may be difficult to reverse by a rapid increase of FXN expression. Such adaptive modifications may also explain the subset of differentially expressed genes between PCms and ECms that were not revealed when comparing PCms with CCm cells.
Thus far, a limited number of studies reported the generation of Cms from FRDA iPSCs (Crombie et al., 2017; Hick et al., 2013; Lee et al., 2013 Lee et al., , 2016 . Phenotypic changes, mostly in handling iron overload, calcium metabolism, electrophysiological properties, and mitochondrial abnormalities were identified in FRDA Cms (Hick et al., 2013; Lee et al., 2016) . Some of the reported cardiac phenotypes were robust but limited in observation to a single biological replicate. Importantly, Hick et al. quantified contractile properties to assess a potential arrhythmia phenotype of FRDA Cms and detected differences between different clones derived from the same FRDA iPSC line, but no disease-specific differences, thus emphasizing the necessity for analyzing multiple samples, preferably using isogenic lines (Hick et al., 2013) . Our comparative analyses of other cellular and molecular markers commonly assessed in iPSC-derived models of cardiac hypertrophy revealed no difference in cell area or beating rate between FRDA PCms and CCms or ECms. In addition, we did not detect differences in cellular bioenergetics (OCR and ATP levels) or cellular ultrastructure. A previous study conducted using a single pair of FRDA and control Cm cell lines demonstrated lower mtDNA content in FRDA Cm cells (Lee et al., 2013) . Our data instead indicates a trend towards increased mtDNA copy number in PCms, which is consistent with mtDNA content changes reported in other iPSC-derived Cm hypertrophic cardiomyopathy models (Li et al., 2018) . One reason for the general lack of an overt phenotype of FRDA Cms, especially when compared to other cardiac hypertrophy models, is likely related to the metabolic etiology of Friedreich's ataxia. Robust hypertrophic phenotypes in immature iPSC-derived Cm cells are frequently associated with mutations in genes essential for contractual apparatus development and functions or in models obtained via abrupt chemical or physical cell stimulation. In contrast, FRDA is a relatively slowly progressing disease and cardiac changes are typically demonstrated later in an advanced disease state. Therefore, it is likely that initial metabolic changes, like accumulation of lipid droplets, along with continuous insults caused by low frataxin levels, eventually result in cardiac pathology. Modeling of these gradual changes will likely require maturation of the iPSC-derived Cms, perhaps by aging or adding exogenous mechanical stress during in vitro culture of the Cms. It is also worth mentioning that recent work on iPSC-derived FRDA sensory neurons revealed no phenotypic changes (aconitase activity, oxygen consumption, spare respiratory capacity, ATP production, reactive oxygen species formation, and mitochondrial membrane potential) between FRDA and control cells cultured under typical in vitro conditions (Soragni et al., 2018) . Nevertheless, our identification of a 'correctable' lipid droplet phenotype and hypertrophy transcriptome signature may be useful in establishing novel cardiac biomarkers, which are necessary for clinical studies focusing on cardiac issues in FRDA.
Our RNAseq analyses revealed significant changes in the lncRNA transcriptome of PCms when compared to CCms and ECms. MIR22HG was found to be the most significantly upregulated lncRNA gene in patient cells (Supplemental Table 5 ). This lncRNA encodes MIR22, which is a highly conserved small non-coding RNA abundant in cardiac tissues and critical for heart development and functions (Huang and Wang, 2014) . Several studies linked aberrant regulation of MIR22 expression with cardiac remodeling (Gurha et al., 2012; Huang et al., 2013) . Mice deficient in mir22 fail to properly respond to stress conditions and develop cardiac dilation and fibrosis (Huang et al., 2013) . On the other hand, overexpression of MIR22 is sufficient to induce cardiac hypertrophy (Gurha et al., 2013; Jentzsch et al., 2012) . Its overexpression also leads to specific changes in the transcriptome, implicating a role of this microRNA in regulation of metabolism (Huang and Wang, 2014) . In fact, MIR22 has been demonstrated to directly target PPARGC1A (Gurha et al., 2013) . Thus, upregulation of MIR22HG in PCms can lead to increased levels of pro-hypertrophic MIR22 and result in the observed lower levels of PPARGC1A and its downstream targets, ultimately inhibiting lipid catabolism. Impediments in lipid degradation can result in accumulation of lipids in LDs observed in PCms causing lipotoxicity and contributing to cardiomyopathy. Lipid metabolism defects, including accumulation of LDs, have been observed in several FRDA models such as conditional Fxn knock-out mice, glial cells isolated from fhRNAi-1 Drosophila melanogaster, or Fxn shRNAtreated rat neonatal cardiomyocytes (Tamarit et al., 2016) .
Increased expression of the PLIN5 transcript, encoding a lipid droplet targeting protein, may be responsible in part for accumulation of LDs in PCm cells. Several studies suggest that PLIN5 is expressed as an adaptive response to protect lipid storage and knockout of this gene results in significantly reduced formation of LDs (Kimmel and Sztalryd, 2014) . Aberrant increase of PLIN5 levels can disturb LD homeostasis but also lead to mitochondrial dysfunction and cardiac hypertrophy (Kimmel and Sztalryd, 2014) . On the other hand, upregulation of PLIN5 expression may represent a protective response to a decreased level of PPARGC1A. PLIN5 interacts with PGC1 alpha (encoded by PPARGC1A) and promotes its co-activator function, thus promoting efficient fatty acid utilization and protection of mitochondria (Gallardo-Montejano et al., 2016) . Further studies of lipid storage, fatty acid catabolism, and mitochondrial functions will be required to define the interplay between these pathways and systems in FRDA Cms.
Our RNAseq data analyses also demonstrated that a hypertrophy signature established previously in iPSC-derived Cms was recapitulated in PCms when compared to CCm cells (Carlson et al., 2013) . Importantly, increased expression of NPPA and NPPB (Natriuretic Peptide A and B) genes, recurrently observed in various hypertrophy models (Aggarwal et al., 2014; Carlson et al., 2013) , was detected in PCm cells and corrected by editing of the expanded GAAs (Fig. 7A ). In addition, transcriptome analyses revealed changes in the expression of MYH7 and MYH6 resulting in a higher MYH7:MYH6 expression ratio in PCm cells. An increased ratio between these myosin subunits has been attributed to hypertrophy in human hearts and observed in iPSC-derived hypertrophic cardiomyopathy models (Mosqueira et al., 2018) . Again, the MYH7:MYH6 expression ratio is lowered in both CCm and ZFN-corrected ECm cells compared to FRDA PCms.
Considering that classic FRDA typically manifests between the ages of 5 and 15, it is rather unlikely that gross structural and functional differences between FRDA and control Cm cells will be observed in the immature iPSC-derived Cms obtained during in vitro culture. Rather, it is more likely that maturation of iPSC-derived Cms into engineered heart tissue or organoids will emphasize cellular, morphological and developmental problems resulting from decreased frataxin levels. Perhaps application of more sensitive measurements of cellular functions and metabolism using mass spectroscopy or optogenetics will be able to identify additional phenotypic differences between FRDA and isogenic, corrected cells. As cardiac hypertrophy and cardiomyopathy are of the most critical and life-shortening complications of FRDA, development and characterization of appropriate cardiac models is essential to evaluate the efficacy of potential new treatments.
